Nutrient Stocks, Flows and Management at Different Spatial Scales
Nutrients are transported all over the world through fertilizer imports, exports of agricultural commodities, massive erosion in some places and gross volatilization and leaching in high-input/high-output agricultural systems. In other words, more or less balanced natural ecosystems have turned into highly unbalanced agricultural systems. Figure 20 .1 shows the inputs and outputs that make up the nutrient balance of a farming system. In many managed ecosystems, the sum of inputs minus the sum of outputs is far from zero, putting the sustainability of such systems at risk. The figure at the same time shows that only IN 1 and 2, and OUT 1 and 2 are normally valued in economic terms. The other INs and OUTs certainly have an economic value, but this is less apparent to mainstream economists.
In general terms, one can say that large parts of the 'developed' world have a large surplus of inputs (Oenema et al., 1998; Goh and Williams, 1999) . Availability of cheap fertilizers (IN 1) stimulated their liberal use, and contributed to substantial crop yield increases. Moreover, import of cheap animal feeds from developing countries (IN 2) boosted animal production. Over 70% of the nutrients contained in feed and concentrates end up in animal manures, which are applied to agricultural land. An extreme example that may well illustrate the case is agriculture in The Netherlands (Table 20 .1).
In sub-Saharan Africa, outputs tend to be greater than inputs for all nutrients. A continental study pointed in that direction (Stoorvogel and Smaling, 1990) , and was to a large extent confirmed by case studies at lower spatial scales (Smaling, 1998) . Figure 20 .2 provides the summary outcome for N in the continental study. An average of 22-25 kg N is lost per hectare per year, mainly due to removal of harvested product (OUT 1) and erosion (OUT 5) . Table 20 . 1 and Fig. 20 .2 provide a picture of the importance of different nutrient flows. This information is, however, incomplete without an idea about the nutrient stocks that are available in the diverse settings. Nutrient depletion can be serious, but if the stocks are plentiful, there may not be a need for immediate replenishment. Similarly, accumulation may be substantial, but a sandy soil will respond very differently to this situation than a clayey soil. Hence, stocks and flows should be quantified jointly in order to correctly identify urgent from less urgent situations (Fig. 20.3) .
Both in the North and in the South, technologies are used and developed to overcome the negative impacts of unbalanced ledgers. This is generally referred to as Integrated Nutrient Management (INM) . INM is basically a mind-set, defined as the 'judicious' manipulation of nutrient stocks and flows, in order to arrive at a 'satisfactory' and 'sustainable' level of agricultural production. INM can be viewed from a hard systems standpoint, attempting to quantify or estimate what is meant by judicious, sat- et al., 1998a,b) .
isfactory and sustainable, or a soft systems point of departure, focusing on a combination of scientific, experiential and cultural knowledge to give meaning to the definition. INM technologies can be categorized as those that:
• Add new nutrients to the system, such as the application of mineral fertilizers and amendments, concentrates for livestock, organic inputs from outside the farm, and N-fixation in wetland rice and by leguminous species. 1986, 1990 and 1996 in gigatonnes per year. Inputs via animal manure and fertilizers are corrected for losses via ammonia volatilization and represent net inputs (Oenema et al., 1998 (Stoorvogel and Smaling, 1990) . INs and OUTs are given in Fig. 20 .1, F = fallow, T = total.
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• Save nutrients from being lost from the system, such as erosion control, non-removal of crop residues, and planting deep-rooting species to reduce leaching losses.
• Recycle the volume of nutrients within the system so as to maximize nutrient use efficiency and system productivity.
Through time, a plethora of INM systems has been developed, both by researchers and by land-users, and some have been enforced through environmental policies. Whereas land-users and researchers have a clear interest in INM next to other land improvements, in the policy arena 'soil' is perhaps the least sexy of this planet's natural resources. There may be several reasons for this, including its invisibility and its buffering capacity. In agroecosystems jargon, soil fertility decline is a 'stress', whereas droughts, flash floods, locust invasions, deforestation, and near-extinction of cute looking animal species are 'shocks'. The latter catch the public eye more easily, appeal to policy makers, lead to Agenda 21-driven treaties, conventions and legislation, and mobilize research and development as well as charity funds.
The question now is how INM strategies can be made more effective and support decision-making. Researchers can design better INM systems based on hard science approaches and sell them as packages. Land-users can innovate better INM systems relying on their experience and by better understanding of principles and processes. Policy makers can do anything between entire 'laissez-faire' and far-reaching legislation. The differences show that linear approaches do not work, i.e., it is not merely a matter of science informing policy, upon which policy makers design rules and regulations for the land-user. Policy also is too often seen as exogenous. In a time when democratic structures are on the increase and responsibilities in land use issues are decentralized, research, land use and policy are linked and influence each other. We therefore should think in terms of a land use-science-policy triangle (LSPT), in which joint learning and joint mediating may lead to informed decisions on INM (Fig. 20.4) . Fig. 20.3 . Interrelation between soil nutrient stocks and soil nutrient depletion (Bindraban et al., 2000) .
The challenge addressed in this chapter is to:
• find out at which spatial scales the LSPT speaks the same language when it comes to INM-related decision making • provide examples and discuss constraints and options for joint INM learning by the LSPT.
Soil Fertility and INM at Different Spatial Scales: Facts and Interests
The land-user practises INM at farm level, but policies may cover an entire country or a group of countries. It is therefore important to look at soil fertility dynamics and INM options at different spatial scales, and see at which level all LSPT members have an interest in INMrelated decision making.
Europe -Africa
The FAO Soil Map of the World shows that the major zonal soils in Africa (Acrisols, Ferralsols) are much older and poorer than the zonal southern and atlantic European soils (Luvisols, Chernozems). Moreover, peri-glacial löess and post-glacial alluvial and marine deposits gave Europe a strong edge over Africa. Hence, large parts of Africa are structurally deprived of natural resources because of old age.
East Africa -West Africa
The tens of millions of years has rendered the landscape largely flat and old. Organic carbon content of soils in wetter areas can still be satisfactory (Table 20. 2), but prolonged weathering has rendered soils low in phosphorus and major cations. Table 20 .2 provides soil fertility parameters of soils in the three major agroecological zones of West Africa (Windmeijer and Andriesse, 1993) . The differences are quite marked from north to south. Surprisingly, population densities are not at all tantamount to agroecological potential. The Mossi Plateau in Burkina Faso, for example, has a much denser population than the north of Ivory Coast.
Within West Africa

Within Kenya
Table 20.3 clearly shows that soil fertility, and as a consequence, crop response to fertilizers can differ a lot within a country (Smaling et al., 1992) . A major fertilizer use recommendation project in Kenya unravelled these regional differences.
Within Embu district, Kenya
Embu district can be subdivided into five agroecological zones (AEZ) stretching from the top of Mount Kenya into the semiarid lands towards the east. They correspond to the typical agroecological profile of the windward side of Mount Kenya, from the hot, dry lower zones in the Tana River Basin to the cold, wet upper zones. The marked differences on the toposequence are illustrated in Table 20 .4 . Table 20 .5 shows marked differences in soil fertility level for the different components of farms. In Burkina Faso, the fields around the house and village are many times more fertile than the fields further away. There are plenty of other examples showing similar types of 'niche management' in Africa (Smaling, 1998) . African farmers obviously are excellent spatial manipulators of soil fertility, creating relatively rich and food-secure islands, often at the expense of communal lands. Note: N Ϫ kg N ha Ϫ1 as CAN (calcium ammonium nitrate); P Ϫ kg P ha Ϫ1 as TSP. When comparing all these examples, we can draft a table of the relative interest of the LSPT members for the particular scales (Table  20 .6). The discrepancies are obvious, indicating that lack of interaction, research results not leading to policies, land-users being poorly understood by researchers and policy makers, etc., are largely due to 'not speaking the same language'. The joint interest seems to be highest at the level of a smaller administrative unit (district, division) down to the level of a farm or group of farms.
Within farms
Participatory Soil Fertility Mapping
Traditional scientific procedures to classify soils and delineate soil units may result in a scientifically adequate description of the spatial variability of soil nutrient stocks. However, if farmers do not act according to these units it is unlikely that their management will be guided by the researcher's map. Farmers typically have a good knowledge of soil variation on their farms, which is mostly based on past crop performance, topsoil colour and ease of cultivation. This was the basis for the development of a participatory procedure to soil fertility mapping. The methodology has been described by Stoorvogel et al. (2000) in detail and is based on five different steps:
1. Identification by the farmer of soil fertility units on the farm. 2. Transect walk through the different farmers' units to check whether differences identified by the farmer would be reflected in macro-morphological characteristics of the soil. The procedure has been applied to Embu district in Kenya. In each of the agroecological zones (AEZ), three farms were selected, surveyed and sampled following the described methodology. At the AEZ level, we have noted that total carbon and nitrogen increased with altitude, whereas total phosphorus decreased with increasing altitude. An exception is AEZ 5 where high phosphorus levels were found as a result of different parent material (Table 20 .4). Variation between units within farms in each AEZ turned out to be very large for each soil property (Table 20 .7). Even without considering the variation within units it can be concluded that soil nutrient stocks are highly variable and that regional surveys have very limited value at the farm level. The average coefficients of variance (CV) and the number of units identified can be considered as appropriate indicators of on-farm variation. The average number of units identified by the farm is highest in the higher parts of the district and decreases to three in AEZ 5. The variation between the units is significant and especially large in the zones where few units were identified. CVs were also calculated for each individual soil unit with more than two samples. Again, especially in AEZ 5, high CVs were found. A possible reason is that, due to flat topography, the identification of soil units is more difficult.
Assessing the Potential of Low-external-input INM Technologies
Farmers, extension workers, non-governmental organizations, researchers and district policy makers joined hands to undertake the following activities during a 3-year project in four districts in Kenya and Uganda:
1. Participatory diagnosis of soil fertility status and management practices.
Identification, testing and evaluation of low-external-input INM technologies.
3. Formulation of enabling policies and measures at district level.
The project was implemented in four research areas in Kenya and Uganda, two with a high, and two with a medium to low agricultural potential (Table 20 .8). Fourteen to 18 households per district were partitioned into two INM groups:
• LEIA (low-external-input agriculture) management, defined as farm households trained in low-external-input technologies and having applied at least three of these techniques on more than 50% of the cultivated area over a minimum of three consecutive years.
• Conventional management, defined as farm households with similar production resources as the LEIA management group and being representative of the common farming systems' characteristics in the catchment.
Diagnosis
The diagnosis consisted of the following activities: (i) farm households' assessment of natural resources; (ii) soil sampling; (iii) monthly monitoring; and (iv) joint analysis. Farm households' perceptions of current INM practices were identified through outputs such as farmers' soil maps, transect walks and nutrient flow maps. These maps enabled farmers to visualize the nutrient flows on their farms, provide insight in farmers' perceptions of soil nutrient status and flows and contribute, together with the quantitative analysis, to the overall learning process and problem analysis of soil nutrient depletion. Based upon farmer soil maps, soil analysis was conducted for N, P, K and organic matter content (Table 20 .9). Monthly monitoring of the farm management practices was conducted using structured questionnaires. Analysis of the data included: (i) farmers' assessment of natural resource management; (ii) quantification of nutrient flows; and (iii) integration of (i) and (ii) and discussing results with participating farmers. Only marginal differences were observed between the conventional and LEIA farm management systems (Table 20.9) . Differences between districts were much more pronounced. The high potential areas, although different in farming system, both showed relatively high NPK content of the soil, but also more negative nutrient balances at farm level, especially for N (90-125 kg ha Ϫ1 year Ϫ1 ). In the low potential areas the differences in farming system are clearly reflected in the soil nutrient flows. In Machakos district (Kenya), intensive crop farming on relatively poor soils resulted in negative nutrient balances, mainly due to very low levels of external inputs applied. The low potential area in Pallisa district (Uganda) is characterized by a much more extensive farming system with relatively large numbers of freerange livestock. The animals bring grazed nutrients (from communal lands) into cropped areas (via manure). At farm level this resulted in a nearly balanced situation of nutrient flows. However, this situation can only remain stable as long as sufficient common grazing land in the district remains available.
Technology testing
Impact assessment of selected LEIA techniques was done through participatory technology development (PTD) (Reijntjes et al., 1992) . Technologies were jointly selected with farmers, data collection procedures agreed upon and implementation plans drawn. Simple record sheets were designed for data collection by farmers, in addition to quantitative data collection by the researcher. Results were evaluated at three levels: for each household, during field days and during joint group meetings with farmers, extension staff and researchers. P stock (kg ha Ϫ1 ) 2,000 1,700 7,900 8,000 1,000 2,500 10,300 9,000 P flow (kg ha Ϫ1 year Ϫ1 ) 2 1
K-stock (kg ha Ϫ1 ) 7,800 10,200 10,400 15,300 6,100 6,300 7,800 8,400
LPA, low-medium potential area; HPA, high potential area, CONV, conventional farm management.
Enabling policies
Based upon the participatory diagnosis, the results of the on-farm testing programme, an inventory of historic developments in the district, and an inventory of the existing and relevant policies in the research areas, draft scenarios for future developments in the areas were formulated focusing on farm-level INM. In district workshops, all stakeholders produced development scenarios and a prioritized action plan. The four workshops were attended by 150 stakeholders, including district policy makers from various ministries, researchers, extension staff, NGO staff, staff from development projects and others. In Table  20 .10, some elements of the joint scenario study are given. The process of PTD has strengthened the capacity of farmers to observe and analyse the current farm management practices, as well as developing appropriate technologies to address main problems, in close cooperation with researchers and extension staff. The involvement of district-level policy makers in the project appeared to be extremely valuable in placing the technical results of the project in a wider perspective. Although regular involvement was planned, only at a late stage of the project could district-level stakeholders workshops be organized. This resulted in interesting observations and an action plan, but without an adequate follow-up.
Which Policies are Enabling Towards INM?
The examples in the previous two sections show that progress is being made in the field of joint farmer-researcher nutrient monitoring and INM system development. The policy maker, however, is still only involved in a modest and ad hoc way. Policies are often regarded as exogenous to an existing situation, as they take place at a higher spatial scale. Things at farm level will improve 'if policies are enabling'. There is clearly a need to dig deeper in policy making and policy change as a researchable issue. In this section, the impact of policies on INM will be briefly highlighted for two markedly contrasting situations: a plethora of policies strongly affecting farming in The Netherlands, against the virtual absence of a soil fertility policy in Africa.
Example 1: The Netherlands
The high input of nutrients through fertilizers, manure and animal feed in combination with professional farm management made it possible to reach very high levels of agricultural production in The Netherlands (Oenema et al., 1998; Oenema and Heinen, 1999) . However, high nutri- • Increased and more stable prices for food crops to make LEIA techniques attractive at farm level.
• Investment in organic market segments for export.
• Increased and more effective research and extension geared towards efficiency gains in low-external-input techniques.
• Sufficient off-farm income opportunities within the area are available to supplement low income levels. INM -commercial • Improved output-input price ratios.
• Large-scale promotion and support to implement livestock intensification system (zero-grazing systems).
• Research and extension focus on INM technologies.
• Facilitation of efficient marketing systems.
• Facilitation of off-farm employment opportunities.
• Focus and development on high-value crops and marketing of processed agricultural products.
ent inputs also resulted in large nutrient losses and thus adverse effects on groundwater, surface water and the atmosphere. To minimize nutrient emissions from agriculture, the Dutch government has introduced a series of regulations on nutrient use, including:
• a ban on spreading animal manure on agricultural land during the winter period • the obligation to cover storage facilities for animal manure • compulsory low-emission application of animal manure to land, and • levies on exceeding the maximum permissible annual nitrogen and phosphorus surplus (INs minus OUTs) for farms.
The maximum annual permissible levels of N surplus in the year 2000 are 250 and 125 kg N ha for grassland and arable land, respectively, and 35 kg P 2 O 5 ha Ϫ1 for the P surplus for both grassland and arable land. Targets set for 2008 are: 180 and 100 kg ha Ϫ1 for N, and 20 kg ha Ϫ1 for P 2 O 5 , with one modification: for grassland and arable soils with a high risk of nitrate leaching, the targets are set at 140 and 60 kg N ha Ϫ1 year Ϫ1 . Legislation has had a phased approach to allow farmers to adjust. The major aim of the legislation is to meet the standard of the 1980 Nitrate Directive of the European Commission, that nitrate concentration in groundwater that is intended to be used for drinking water should not exceed 50 mg Ϫ1 .
To effectuate this EU policy, the Minerals Accounting System (MINAS) was introduced in The Netherlands. The system follows a farm-gate approach, i.e. only the N and P entering and leaving the farm through the gate have to be accounted for. The system is compulsory for livestock farmers with a livestock density of more than 2.5 livestock units per hectare. The economic and environmental consequences of biases and errors in MINAS can be large (Oenema and Heinen, 1999) . Flaws in the systems include:
• Biological nitrogen fixation (IN 4 in Fig. 20 .1) in clover grassland is not accounted for. In New Zealand, for example, this is a major N input to livestock systems (Goh and Williams, 1999 ).
• Yields on fertile soils are higher, hence farmers here benefit from previous overfertilization practices. Also, previously heavily manured lands will have higher nutrient losses within the farm (which is not noticed by MINAS).
• MINAS accounts for stocks in cattle, feed and animal manure, but not for changes in the soil nutrient stock, which is the largest store and buffer of nutrients.
Example 2: Africa
There is a growing body of knowledge on the seriousness of soil fertility decline in Africa, mainly at the level of districts, countries and the continent as a whole, and an equally interesting set of information at farm and village level, showing the widely different coping strategies of farm families. Farmers tend to list soil fertility decline as top priority, and FAO acknowledges the importance of the problem in 'World Agriculture: Towards 2010' (Alexandratos, 1995) . Yet, there are hardly any policies on soil fertility maintenance. One can say that structural adjustment and price setting by national governments are indirect policies towards soil fertility management, but they are often negative. The recently launched Soil Fertility Initiative (see Dudal, Chapter 1) deserves praise, but its effects are yet to be noticed. Scoones and Toulmin (1999) have studied cases for public intervention. A major one is when private and social costs differ. The on-site or user cost of soil degradation is the present value of future production benefits, which are sacrificed as a result of using the soil today. Free markets do not account for this, and individuals would rather defer a cost until another day than incur it in the present. Poor access to markets, low income and low access to credit were noted frequently as impediments to farmers buying more fertilizers, and provide a valid argument in favour of some form of public intervention. The intervention may be required to internalize external costs. Off-site costs include poverty, social unrest, and migration. Inclusion of such costs might justify subsidized provision of inputs. Scherr (1999) adds that it is uncommon for farmers to be unaware of serious soil degradation, unless: (i) they are recent immigrants to a new agroecological zone; (ii) the process of degradation has not yet affected yields; or (iii) its cause is invisible (acidification, leaching). We should expect, therefore, that farmers will respond to degradation with new land management or investment if they perceive a net benefit from doing so. Failing to take action or delaying until irreversible damage has been done may lead to targeted policy action. The examples show that policies in The Netherlands play a prominent role and force farmers to change their INM systems or accept the consequences. It is a linear policy process, giving farmers only a limited time to adjust. The flaws in MINAS show how limited the influence of science has been. Policy hardly provides incentives to farmers who want to reduce nutrient losses in the field by adopting better INM management, as these gains are not on the MINAS ledger. In Africa, scientists try to bring the issue of nutrient depletion to the attention of policy makers. The Stoorvogel and Smaling (1990) continental report had this effect, which was, however, largely due to the scale it addressed. More sophisticated work at farm and village level tends to land on deaf ears, as policy makers tend to think in terms of districts and countries. The Soil Fertility Initiative puts responsibility in the hands of national governments, with a facilitating role by FAO, World Bank and the institutes of the CGIAR. Meanwhile, at local level and with the assistance of NGOs, there are plenty of examples where a more bottom-up policy model has worked (ILEIA, 1997). FAO should be commended for its recent manual for Farmer Field Schools on INM (FAO, 2000) , and a recent resource guide for INM (Defoer et al., 2000) deserves attention too when looking at 'self-help' INM development, with hopefully an enabling role by governments.
Conclusions
1.
Given the growing body of knowledge on INM, a parallel 'action' paradigm is necessary to make sure that researchers, land-users and policy makers jointly develop a sense of urgency and feasibility for INM at appropriate scales. Where scales differ, upscaling and downscaling procedures are necessary, without losing track of scale-specific spatial variation. The 'management' of INM clearly relates to particular scales, and cannot easily be lifted up to district levels and above. Thinking in terms of land use-science-policy triangles may help putting INM into perspective, and can be used in any part of the world. 2. Examples provided in this chapter show that currently, nutrient imbalances are substantial, but researchers, land-users and policy makers all react individually, and focus on different spatial scales. Researchers mainly develop hard science-driven packages and tool boxes, whereas land-users go by experience and new skills. Policies are either non-existent due to lack of priority (Africa), or they are rigid and cover higher spatial scales, thwarting creativity by land-users or frustrating research products at the scientifically more appropriate scales (Europe). 3. Researcher-land-user interaction is on the increase, as participatory approaches and incremental adoption or adaptation of INM systems are now seen as crucial. However, the approach is labour-intensive and not easy to scale up. Next, 'policy' is too often seen as exogenous, and something that has to be reacted to. By seeing 'policy change' as a process that can also be influenced by researchers, land-users, and possibly other groups, a future for INM as part of livelihood strategies can to some extent be regarded as a proactive endeavour.
